The behavior of the metallic state of lightly electron-doped SrTiO 3 has been studied using angle-integrated ultraviolet photoemission spectroscopy (UPS) and angle-resolved photoemission spectroscopy (ARPES). Two states in the bulk band gap of stoichiometric SrTiO 3 are shown by doping electron carriers: a metallic state with a sharp Fermi cutoff and a broad state centered at $1.3 eV below the Fermi level. By slight oxygen exposure, the UPS spectra showed a rapid decrease in the spectral intensity of the metallic state followed by a sudden energy shift of the valence band. These changes are explained in terms of the band-bending effect due to the formation of a thick charge depletion layer when the adsorbed oxygen atoms attract the free electrons from the bulk to the surface.
Introduction
Recently, the importance of controlled bandfilling for the investigation of various kinds of multinary transition-metal oxides has been recognized, especially after the discovery of high T c cuprate superconductors. For the metal-to-insulator transition (MIT) driven by controlled filling, evolution of the electronic structures through the MIT point is one of the most interesting issues of condensed matter physics.
The perovskite-type 3d 0 titanate SrTiO 3 is a typical band insulator with a wide band gap of 3.2 eV. However, doping of a small number of carriers (electrons) by substituting La for Sr, Nb for Ti, or by introducing oxygen vacancies makes the system Surface Science 515 (2002) 61-74 www.elsevier.com/locate/susc metallic and moreover, superconducting [1] [2] [3] [4] . From an analysis of optical-conductivity spectra [5, 6] and transport and magnetic measurements [7] of Sr 1Àx La x TiO 3 (0 6 x 6 1), it was concluded that this system behaves as a Fermi liquid for small doping (x < 0:5). Even for very small x (down to x ¼ 0:1), however, this conclusion contradicts most previous photoemission results on metallic Sr 1Àx R x TiO 3 (R ¼ La [8, 9] and Nd [10, 11] ) and metallic Ba 1Àx R x TiO 3Àd (R ¼ Y, La, and Nd [12, 13] ). It was shown that a prominent state induced by doping electron carriers appears at the binding energy of about 1.5 eV below the Fermi level (E F ), which cannot be explained by a simple picture of d-band filling or by the Fermi liquid behavior as suggested by the optical spectra.
In many previous photoemission experiments, the samples were scraped in situ with a diamond file in order to obtain a clean surface. Since photoemission spectra of oxides are very sensitive to the surface condition such as surface defects and oxygen vacancies [14] , we must take great care to interpret previous photoemission spectra using scraped surfaces. That is, it is uncertain whether the photoemission spectra measured on the scraped surfaces can be interpreted in terms of the bulk electronic structure only. To answer this question, we have performed angle-integrated ultraviolet photoemission spectroscopy (UPS) measurements using well-defined surfaces of La x Sr 1Àx TiO 3 , which were obtained by fracturing in situ the singlecrystalline samples in ultrahigh vacuum (UHV) [15, 16] . The UPS spectra measured on the UHVfractured surfaces are considerably different from previous photoemission spectra on the scraped surfaces. Even with a small number of electrons, a sharp metallic state with a Fermi cut-off was clearly observed in addition to a broad state centered at $1.3 eV below E F , which is a prominent feature for the scraped surfaces. Moreover, it was shown that the spectral intensity of the metallic state increases in proportion to the number of doped electrons [16] .
Here, a simple question arises: Is the metallic state, which is induced by doping electron carriers, consistent with the Fermi liquid behavior as suggested by the optical spectra? In this paper, we will discuss the origin of the metallic state observed on the fractured surfaces of lightly electrondoped SrTiO 3 by means of angle-integrated UPS and angle-resolved photoemission spectroscopy (ARPES) measurements. By slight oxygen exposure, the UPS spectra showed a rapid decrease in the spectral intensity of the metallic state followed by a sudden energy shift of the valence band. These drastic changes are explained in terms of the band-bending effect according to the formation of a thick charge depletion layer when the free electrons in the bulk are attracted to the surface and accumulate due to oxygen exposure. From a comparison between the UPS spectra for the fractured surface and those for the scraped surface, it was shown that the spectral intensity of the metallic state is considerably suppressed by scraping the surface. Because of the extreme sensitivity to the surface preparations, most previous photoemission studies on the scraped surfaces have not shown the metallic state clearly [8] [9] [10] [11] [12] [13] .
Normal-emission spectra before the oxygen exposure showed that the spectral intensity of the metallic state is remarkably enhanced at the photon energy of 28 and 45 eV whereas its energy position is almost independent of the photon energy. Off-normal spectra showed that the spectral intensity of the metallic state is drastically reduced with increasing emission angle. From a comparison of the calculated band structure and the present ARPES results, we conclude that the metallic state is qualitatively explained by the Fermi liquid behavior based on the band theory. This paper is organized as follows. In Section 2, we present the results of the band structures and the density of states calculated for non-doped SrTiO 3 , and the density of states near E F and the Fermi surfaces for lightly electron-doped SrTiO 3 . The experimental method is described in Section 3. We show results of angle-integrated UPS and ARPES spectra in Section 4. The ARPES spectra are compared with the calculated electronic structure. Finally, conclusions are given in Section 5.
Calculated band structures and Fermi surfaces
We calculated the energy-band of non-doped SrTiO 3 based on the full-potential linearized aug-mented plane wave (FLAPW) method. Lattice constant of SrTiO 3 used for calculation is 3.905 A A. As the stable ionic state is Sr 2þ and O 2À , the ionic state of Ti is tetravalent Ti 4þ (formally 3d 0 configuration). Fig. 1a and b show Brillouin zone for the simple cubic lattice and the energy-band structure along the principal symmetry axes in the Brillouin zone, respectively. To compare with the photoelectron spectra directly, E F was located at the bottom of the unoccupied states of the nondoped SrTiO 3 . Overall the result agrees with previous calculated band structures [17, 18] . The lower nine bands in Fig. 1b , which consist of mainly O 2p states, are occupied. The empty conduction bands lie above them. The triplet state C 0 25 and the doublet state C 12 just above E F are derived primarily from the Ti 3de and Ti 3dc states, respectively. The subsequent C 12 , C 1 and C 0 25 states are mainly derived from the Sr 4d and 5s states. Between the top of the valence band and the bottom of the conduction band, an energy gap appears with a direct gap width of 1.66 eV. Fig. 2 shows total density of states (solid line) and partial density of states for Ti 3d (dotted line) and for O 2p (dot-dashed line).
Next, we estimated the electronic structure of the electron-doped SrTiO 3 using the rigid-band model. In this model, we assumed that the shape of the energy-band does not change by doping of electron carriers, but E F is simply shifted according to the carrier density (n). We do not suppose this assumption for the small doping region studied here has a significant influence on the discussion below. Fig. 3 shows total and partial density of states near E F for the SrTiO 3 with n ¼ 0, 0.01, and 0.05. As seen from the energy-band structure in Fig. 1 , all three of the lowest unoccupied bands of the non-doped SrTiO 3 , which consist of mainly Ti 3de states, are partially occupied by doping a small number of electrons. Strictly speaking, the second and the third lowest bands are occupied only around the C point, due to large energy dispersion behavior along all principal symmetry axes as shown in Fig. 1 . On the other hand, since the lowest band with D 0 2 symmetry cannot be hybridized with any bands from oxygen states along the C-D-X line, the lowest band becomes considerably flat in this direction as shown in Fig. 1 [19] . 3 As a result of this unique character, the lowest band is occupied in the large region along the C-D-X line even for the small doping level. For the doping region with n ¼ 0:05, the lowest band does not cross E F , that is, the Fermi surface from the lowest band would be connected with the arms of the Fermi surfaces centered at the neighboring Brillouin zones along the C-D-X line. Fig. 4 shows three calculated Fermi surfaces for the doped electrons (n ¼ 0:05). As expected, it is shown that the Fermi surfaces due to the second and third lowest bands appear only around the C point (FS2 and FS3 in Fig. 4) , and the lobe of the Fermi surface from the lowest band extends to the X point along the C-D-X line (FS1).
Experimental
The photoemission experiments were performed on as-grown single-crystalline SrTiO 3 samples (Earth-Chemical Co., Osaka Japan), 2 mm Â 2 mm Â 10 mm in scale, whose edges were parallel to those of a [1 0 0] cube. Single crystals were grown by the Verneuil method, where SrTiO 3 powder were heated and melted in oxyhydrogen flame. Therefore, as-grown samples include not only oxygen deficiency but also hydrogen in the bulk. The thermogravimetric spectra is rather complex presumably because the weight loss due to the desorption of the hydrogen competes with the weight gain due to the depopulation of the oxygen deficiency. In order to estimate the total number of electron carriers (n), single-crystalline La x Sr 1Àx TiO 3 samples were used as reference, details of which were reported previously [4] . It is well known that the integrated intensity of the spectral feature in the bulk band gap of stoichiometric SrTiO 3 , which is induced by doping electron carriers, is proportional to the number of the doped electrons [8, 9, 15, 16] . From comparison of the integrated intensity of the photoemission spectra in the bulk band gap, it was estimated that n ffi 0:05.
The photoemission spectroscopy measurements were performed both in the angle-integrated UPS mode and ARPES mode. Angle-integrated UPS measurements were performed using a 150 mm hemispherical sector energy analyzer with an acceptance angle of AE12°(CLAM4, VG) and a He discharge lamp (HIS13, OMICRON). The total energy resolution of the UPS system was about 50 meV FWHM. All UPS spectra presented here were corrected to remove the contributions from the weak satellite lines at 23.09 and 23.74 eV of the He discharge lamp. The relative intensities of those lines were estimated from the UPS spectra of evaporated gold. On the other hand, ARPES measurements were carried out at the Stanford Fig. 3 . Calculated density of states near E F for electron-doped SrTiO 3 . Total density of states (solid line), and partial density of states for Ti 3d (dotted line) and for O 2p (dot-dashed line). E F is located at the bottom of the unoccupied states of the nondoped SrTiO 3 (n ¼ 0). In the rigid-band model based on oneelectron band theory, E F is estimated for electron-doped SrTiO 3 with n ¼ 0:01, and 0.05. 3 In our FLAPW calculation shown here, the D Synchrotron Radiation Laboratory (SSRL) in California. A 50 mm hemispherical energy analyzer on two-axis goniometers was used. The ARPES spectra were partially taken with an angle resolution (Dh) of AE1°. To overcome the low count rate of the doped states due to a small number of carriers (electrons), however, we mostly removed a small aperture slit in front of the input lens of the energy analyzer. Then, it was estimated that Dh ¼ AE5°. Total experimental energy resolution was about 50 meV FWHM for Dh ¼ AE1°and 65 meV for Dh ¼ AE5°. The samples were cooled to low temperature to avoid surface degradation and to improve the energy resolution (80 and 20 K for UPS and ARPES, respectively). Clean surfaces were obtained by fracturing in situ the sample with a crystal cleaver in UHV. To check the chemical composition and the atomic geometry on the fractured surfaces, Auger electron spectroscopy and low-energy electron diffraction (LEED) were performed. The LEED of UHV-fractured surface showed a sharp (1 Â 1) pattern. The base pressure for the both systems was better than 1 Â 10 À10 Torr. Fig. 5 shows the experimental geometry of the ARPES measurement used here. The radiation was linearly polarized in the horizontal plane of incidence. Throughout the whole set of experiments, the vector potential (A) of the incident light which is parallel to the sample surface was in the
The incident angle of the light (h i ) was set to 45°. Then, the light equally contains A k and A ? components, parallel and perpendicular to the surface. In order to compare the calculated band structures with the ARPES spectra, one has to consider which final states can contribute to the emission process [20] . In normal emission along the principal direction initial bands can be observed, but not that from the D 0 2 initial band, due to dipole selection rules for direct interband transitions. Then, the emission angle in the collection plane measured from the surface normal (h e ) in Fig. 5 was adjusted to 0°. In off-normal emission in a mirror plane of the crystal surface (h e 6 ¼ 0°), the final states should be even with respect to the symmetry operation of the mirror plane to be detected by the analyzer. In the dipole approximation, therefore, the symmetry of the initial states must inherit that of the dipole operator. Along the D-line, the D 1 and D 5 initial bands are even under a reflection operation about these mirror planes, whereas the D 
Results and discussion

Angle-Integrated UPS
In Fig. 6 , the change in the UPS spectra of asgrown SrTiO 3 samples at 80 K is shown as a function of oxygen exposure. The broad feature from 3 to 9 eV is predominantly derived from the O 2p valence band. Each UPS spectrum is normalized to the integrated intensity of the O 2p emission. In the UPS spectrum just after fracturing (solid line), two states are observed in the bulk band gap of stoichiometric SrTiO 3 ; a state with a Fig. 6 . (a) Change in UPS spectra for the fractured surface of as-grown SrTiO 3 as a function of oxygen exposure at 80 K. UPS spectra around E F enlarged 25 times and the spectral feature near E F predicted by the band theory (denoted by ''cal.'') are also shown. The calculated spectra feature was obtained by multiplying the density of states for lightly electron-doped SrTiO 3 with n ¼ 0:05 (Fig. 3) by the Fermi-Dirac distribution function at 80 K, and then convoluting with a Gaussian function of 50 meV FWHM which represents the instrumental resolution. (b) Same as in (a). The metallic state is observed in the UPS spectra just after fracturing and after oxygen exposure of 0.1 L, as shown by arrows.
sharp Fermi cut-off (hereafter ''metallic state'') and a broad state centered at $1.3 eV below E F (hereafter ''$1.3-eV-state''). A similar spectral feature in the bulk band gap has been observed for the fractured surface of other kinds of doped SrTiO 3 samples also, for which Sr (Ti) was slightly substituted with La (Nb) [15, 16, 21] . Therefore, the spectral feature in the bulk band gap is not peculiar to as-grown samples, and is common to the doped SrTiO 3 samples.
As seen in Fig. 6b , both the metallic state and the $1.3-eV-state can be still observed after exposing oxygen of 0.1 L. At only 0.3 L oxygen exposure, however, the spectral intensity in the bulk band gap disappears completely and, at the same time, the energy position of the valence band abruptly shifts to the lower binding energy side by about 0.2 eV. This sudden energy shift of the valence band can be well recognized from the sudden shift of the leading edge of valance band and that of the energy position of the O 2p bonding state, as indicated by arrows in Fig. 6a . This behavior of the spectral feature in the bulk band gap upon oxygen exposure is qualitatively similar to that of SrTi 1Àx Nb x O 3 [21] . 4 The observed energy shift of the valence band by oxygen exposure is interpreted as follows: Electron carriers near the surface are readily depopulated by oxygen exposure, and the property of the part near the surface presumably become non-metallic if the carrier is completely depopulated. As a result, it is considered that the energy band near the surface bends upward towards the surface to form a depletion layer. A similar sudden shift of the valence band by oxygen exposure was observed for the fractured surface of a metallic transition-metal oxide with d 1 configuration CaVO 3 [22, 23] . In previous UPS studies on the reduced surfaces of TiO 2 [24] and SrTiO 3 [25] , on the other hand, it was reported that the energy position of the valence band shifts continually by oxygen exposure.
The spectral intensity in the bulk band gap is very sensitive to the quality of the sample surface. We estimate the flatness of the sample surface using the laser beam reflection in addition to LEED. The spectral intensity in the bulk band gap is intense for the flat surface, if a sharp single laser reflection spot and a sharp (1 Â 1) LEED with weak background are shown. The following ARPES spectra as shown in Figs. 9, 10 and 13 are obtained for such flat surfaces. On the other hand, the spectral intensity in the bulk band gap weakens for rough surfaces, for which many diffuse laser reflection spots are shown. Fig. 7 shows the comparison between spectral feature in the bulk band gap for the flat fractured surface and that for the rough scraped surface. The spectral intensity of the metallic state, in comparison with that for the fractured surface, is considerably depressed by scraping the surface. Presumably because of the extreme sensitivity to such surface preparations, 4 To be precise, the effect of oxygen exposure for the fractured surface of as-grown SrTiO 3 is a little different from that for SrTi 1Àx Nb x O 3 . At about 0.5 L oxygen exposure, the metallic state completely disappears but the $1.3 eV state still exists. In addition, it was shown that the $1.3 eV state does not disappear at 1 L oxygen exposure and shifts closer to E F as the amount of oxygen exposure is increased. We do not discuss the cause of the difference here because this point is rather out of the scope of this paper. Fig. 7 . UPS spectra for the fractured surface (solid line) and the scraped surface (doted line) of as-grown SrTiO 3 samples. Each UPS spectrum is normalized to the integrated intensity of the O 2p emission. UPS spectra around E F enlarged 25 times are also shown. many previous photoemission studies on the scraped surfaces have not shown the metallic state clearly [8] [9] [10] [11] [12] [13] .
The question now arises: Why does the spectral intensity in the bulk band gap disappear completely by only a slight oxygen exposure? Where did the electronic states in the bulk introduced by doping go? For some transition-metal oxides with d 1 configuration such as Ti 2 O 3 [26] and CaVO 3 [22, 23] , the metallic state near E F was rapidly weakened at an initial stage of the oxygen exposure. Even after heavy exposure to oxygen, however, the metallic state survived, which was reasonably assigned to the electronic structure in the bulk. On the other hand, just in the same way as the as-grown SrTiO 3 , the valence band suddenly shifts to the lower binding energy side at the initial stage of oxygen exposure and stays at almost constant energy position after that (Fig. 6 ). This energy shift of the valence band is also understood in terms of the band-bending effect.
From previous UPS studies for titanium oxides, the decrease in the spectral intensity of the Ti 3d band by oxygen exposure was caused by dissociative adsorption of oxygen on the surface, oxidizing the surface Ti ions to Ti 4þ , and diffusion of oxygen ions into the interior of the crystal, oxidizing the bulk Ti ions to Ti 4þ [26, 27] . However, the rate of internal diffusion of oxygen is not so fast judging from the change in the spectral intensity of the Ti 3d band by oxygen exposure. 5 The observed rapid disappearance of the metallic state at the initial stage of the oxygen exposure should be ascribed to the formation of a thick charge depletion layer as shown in Fig. 8 . For a surface layer of negative charge and a uniform density of fixed positive charges, the band-bending is given by [28] 
where DE is the energy size of the band-bending, N D is the density of donor atoms per volume, Dz is the thickness of the depletion layer, and e is the À3 . Therefore, the behavior of the spectral feature near E F for CaVO 3 upon oxygen exposure as mentioned above is well understood in terms of band-bending effect accompanying the formation of a charge depletion layer with the thickness almost same as the probing depth of the UPS measurements. On the other hand, the rapid disappearance in the metallic state of as-grown SrTiO 3 at the very early stage of the oxygen exposure can be understood in terms of the formation of a thick charge depletion layer when the free electrons in the bulk is attracted to the surface and accumulate due to oxygen exposure. Although the band-bending model conceivably provides a reasonable explanation for the behavior of the spectral feature near E F to oxygen exposure, it should be regarded as tentative until detailed experiments are carried out to explicitly confirm the band bending. This model also implies that the metallic state is interpreted in terms of the bulk electronic structure. In the following discussion of the ARPES spectra, therefore, we assume that the metallic state represents the bulk electronic structure.
Before discussing the ARPES result, it is desirable to compare the spectral feature near E F predicted by the band calculation with the metallic state shown in the UPS spectra. To estimate the calculated spectra feature near E F , the density of states for lightly electron-doped SrTiO 3 with n ¼ 0:05 (Fig. 3) was multiplied by the FermiDirac distribution function at 80 K, and then convoluted with a Gaussian function of 50 meV FWHM which represents the instrumental resolution used here. In Fig. 6 , it is shown that the spectral feature near E F predicted by the band theory (denoted by ''cal.'') reproduces the metallic state in UPS spectra qualitatively. 6 
ARPES
Based on the band theory and the selection rules described in Section 3, it is expected that the metallic state consists of the D 0 2 and D 5 initial bands in the normal emission (see Fig. 1 ). The emission from the D 5 initial band can be observed, whereas that from the D 0 2 initial band cannot be observed under the experimental geometry used here (Fig. 5) . This is exactly satisfied for ideal normal emission, in which only photoelectrons along the surface normal are observed. In the real setup of the analyzer with finite acceptance angle (Dh), however, the photoelectrons not only along the sample normal but also within the limits of Dh are detected. Then the emission from the D 0 2 initial band also may be partly observed in real normal emission. The emission intensity from the D 0 2 initial band would be expected to depend on the size of Dh. Fig. 9 shows the Dh dependence of the normalemission spectra for the fractured surface measured at a photon energy of 47 eV. As seen in this figure, the emission intensity of the metallic state taken with Dh ¼ AE1°is very weak, compared with that with Dh ¼ AE5°. As shown in Fig. 12 , the wave vector of the metallic state taken at 47 eV is located far from the C point. Therefore, it may be assumed that the metallic state is partially derived from the D 0 2 initial band. Fig. 10 shows a series of normal-emission spectra in the bulk band gap taken for 24 6 hm 6 47 eV. All spectra have been normalized by the incident photon flux. From this figure, it is shown that the energy position of the metallic state does not depend on the photon energy. As described in Section 2, the lowest conduction band with D 0 2 symmetry shows only small energy dispersion along the C-D-X line. The independence of the energy position against the photon energy supports the fact that the metallic state is partially derived from the D 0 2 initial band as mentioned above. Fig. 11 shows the hm dependence of the integrated spectral intensity of the metallic state from E F to 0.1 eV. The enhancement in the spectral intensity of the metallic state is observed around the photon energy of 28 and 45 eV. The enhancement in the spectral intensity around the photon energy of 45 eV can be simply explained by quantum interference between a direct photoemission process and a direct-recombination decay process following the Ti 3p-core photoabsorption. It is well known that essentially the same resonance enhancement is observed on the UHV-cleaved Ti 2 O 3 surfaces [30, 31] . The observed resonance enhancement around the photon energy of 45 eV means that the metallic state is partially derived from the Ti 3d state. As shown in Figs. 2 and 3 , the band theory predicts that the bottom of the conduction band is mainly originated from the Ti 3d states, which is consistent with the present interpretation for the resonance enhancement of the metallic state.
More noteworthy is that an additional enhancement of the metallic state was observed around the photon energy of 28 eV. In a previous resonance photoemission study of reduced SrTiO 3 (1 0 0) surfaces, it was shown that the spectral intensity near E F in the bulk band gap is not enhanced at this photon energy [32] . DV-Xa cluster calculation showed that a surface state, which consists of the Ti 4s and Ti 4p states as well as the Ti 3d state, appears in the bulk band gap when an oxygen ion is removed from the TiO 2 surface [33] . The density of states in Figs. 2 and 3 showed that neither Ti 4s sate nor Ti 4p state contribute to the bottom of the conduction band in the bulk. In photon-energy dependence of the spectral intensity near E F from the UHV-cleaved Ti 2 O 3 , a broad resonance enhancement ranging from 45 to 65 eV was observed in the normal emission [30] . It has been believed that this corresponds to the resonance enhancement due to Ti 3p ! Ti 4s excitation, which is not consistent with the observed enhancement of the metallic state around the photon energy of 28 eV. Next, we discuss another possibility that the observed increase in the spectral intensity of the metallic state around the photon energy of 28 eV arise from the Fig. 10 . Normal-emission spectra of the doping states in the band gap region for UHV-fractured surface of as-grown SrTiO 3 measured as a function of hm from 24 to 47 eV. All spectra are normalized to the incident photon flux. Fig. 11 . hm dependence of the integrated intensity of metallic state from E F to 0.1 eV.
resonance enhancement due to O 2s ! O 2p excitation. As shown in Fig. 3 , the metallic state is expected to contain some admixture of O 2p character due to the hybridization with Ti 3d states. However, some previous photoemission studies of BaTiO 3 showed that the O 2s core level is located at the binding energy of about 20 eV [34] . This means that the resonance enhancement due to O 2s ! O 2p excitation may be observed around the photon energy of about 20 eV. Moreover, the resonance enhancement of the metallic state for AVO 3 (A ¼ Ca and Sr), which is caused by the occupation of the conduction band, was not shown around the photon energy of 28 eV [35] . In addition, this enhancement cannot be simply explained by atomic photoionization cross-sections of O 2p and Ti 3d orbitals [36] and any bulk finalsate effects [35, 36] .
Based on the band theory as described in Section 2 again, it can be assumed that the enhancement in the spectral intensity of the metallic state around the photon energy of 28 eV is caused by the occupation of the D 5 initial band near the C point. In order to check this assumption, we estimated the components of the wave vector normal to the surface for the metallic state. We used primary-cone emission and a free-electron-like final state with D 1 symmetry [37] (an inner potential V 0 ¼ 12 eV was used as reported in our previous ARPES study [38] ). Fig. 12 shows a momentum space at E F in a free-electron final state model for SrTiO 3 (0 0 1). The photon energy (hm) and the emission angle in the collection plane from the surface normal (h e ) are plotted in crystal momentum space parallel to the surface (k Fig. 4 , three calculated Fermi surfaces for the electron-doped SrTiO 3 with n ¼ 0:05 were projected to this momentum space. In the normal emission along the X-C-X line, it is considered that two Fermi surfaces denoted by FS2 and FS3 (solid lines) are observed well. Another Fermi surface denoted by FS1 (dotted line) can be also observed, but its spectral intensity is expected to be very weak as compared with the other two Fermi surfaces. It is observed in Figs. 11 and 12 that the enhancement in the spectral intensity around the photon energy of 28 eV occurs within FS2 and FS3 (gray area) around the C point. Fig. 13 shows a series of off-normal spectra in the bulk band gap for the fractured surface of asgrown SrTiO 3 as a function of h e . It is seen that the intensity of the metallic state is drastically reduced with increasing h e . As seen in Fig. 12 , this means that the metallic state appears only around the C point on the X-C-X line. Therefore, it can be well understood that the observed enhancement in the normal emission around the photon energy of 28 eV is ascribed to the occupation of the D 5 initial band around the C point. In principle, it is possible to estimate the doping level from the size of the empirical Fermi surface shown in Fig. 12. Using such empirical doping level, moreover, we can even compare the empirical energy dispersion of the metallic state from the ARPES spectra with that calculated by the band theory directly, and then get some important physical information such as the effective mass of the metallic state. Because of the energy resolution (DE ¼ 65 meV) and rather poor spatial resolution (Dh ¼ AE5°) used here, however, we could not discuss the behavior of the metallic state on the electronic structure quantitatively. In order to relate the ARPES results with the physical properties directly, it is desirable to perform up-to-date high-energy and high-spatial resolution ARPES study.
Summary and concluding remarks
The behavior of the metallic state of lightly electron-doped SrTiO 3 has been studied using angle-integrated UPS and ARPES. A metallic state with a sharp Fermi cut-off and a broad state centered at $1.3 eV below E F are induced in the bulk band gap of stoichiometric SrTiO 3 by doping electron carriers. UPS spectra showed a rapid decrease in the spectral intensity of the metallic state and a sudden energy shift of the valence band by slight oxygen exposure. These UPS results are understood based on the band-bending effect according to the formation of a thick charge depletion layer when the free electrons in the bulk are attracted to the surface and accumulate due to oxygen exposure. This implies that the observed metallic state represents the bulk electronic structure. The normal-emission spectra before the oxygen exposure showed that the spectral intensity of the metallic state is remarkably enhanced at the photon energy of 28 eV as well as of 45 eV although its energy position hardly depends on the photon energy. Off-normal spectra showed that the spectral intensity of the metallic state is drastically reduced with increasing the emission angle. In order to interpret these behaviors of the metallic state, we have performed an ab initio full-potential calculation for non-doped (stoichiometric) SrTiO 3 and electron-doped SrTiO 3 , and compared with the ARPES spectra. From comparison between the calculated band structure and these ARPES spectra, we conclude that the metallic state is qualitatively explained by the Fermi liquid behavior based on the band theory.
Concerning how the electron carriers introduced in the band insulator SrTiO 3 affect the electronic structure, a question about the origin of the $1.3-eV-state still remains. A previous UPS study for UHV-fractured surfaces of reduced SrTiO 3Àd , which had been bulk-reduced by heating in UHV, showed that the metallic state was not observed and the $1.3-eV-state did not disappear completely after a large amount of oxygen exposure [39] . From UPS spectra for the scraped surface of lightly electron-doped La x Sr 1Àx TiO 3 , Fujimori et al. suggested that the $1.3-eV-state indicates a sign of strong coupling between the doped electrons and lattice distortion, that is, the polaronic nature of the charged carriers [40] . In these UPS studies, the $1.3-eV-state was interpreted in terms of the bulk electronic structure. On the other hand, UPS spectra for the UHV-fractured surface of the lightly electron-doped SrTiO 3 such as as-grown SrTiO 3 , La x Sr 1Àx TiO 3 [15, 16] and SrNb x Ti 1Àx O 3 [21] showed that both the metallic state and the $1.3-eV-state were observed, and that these doped states were very sensitive to the surface condition. Assuming that the $1.3-eVstate is induced by the bulk electronic structure, it is difficult to explain the disappearance of the $1.3-eV-state by only slight oxygen exposure based on the band-bending model discussed above. In the previous UPS studies for UHVfractured surfaces of the metallic Na x WO 3 , where the band insulator with d 0 configuration WO 3 was doped with some electron carriers, both a metallic state and a band gap state were observed [41] [42] [43] . The metallic state could be interpreted in terms of the band theory [42] . On the other hand, the band gap state was assigned to a surface state [41, 43] . In addition, the optical-conductivity spectra of the lightly electron-doped La x Sr 1Àx TiO 3 showed that the contribution of the doped 3d electrons are found in the Drude-part and the peak appearing at $0.25 eV [44] . No x-dependent features could be observed at the photon energy of $1.3 eV, as shown in the photoemission spectra.
In recent years, some remarkable theoretical and experimental researches about the surface electronic structure of SrTiO 3 have been reported. For the reduced SrTiO 3 (1 0 0) surface which was annealed in UHV at 1200°C, the scanning tunneling microscopy (STM) image showed a ffiffi ffi 5 p Â ffiffi ffi 5 p superstructure with 26.6°rotation with respect to the crystalline axis, while the corresponding scanning tunneling spectroscopy (STS) spectra provided evidence for the existence of a localized surface state around 1.35 eV below E F [45] . Assuming that the observed surface reconstruction is caused by the oxygen vacancies on the surface, Fang and Terakura studied the surface electronic structure by the first-principles calculations based on the generalized gradient approximation supplemented by the LDA þ U method [46] . Their calculated electronic structure is useful for interpreting of the photoemission spectra near E F shown here. By allowing strong local spin and orbital polarization of the Ti 3d electrons induced by oxygen vacancies, it was shown that the calculated electronic structure of TiO 2 -terminated surface is in good agreement with the STM/STS data and the $1.3eV state in our photoemission spectra. Instead of the well-established oxygen vacancy model mentioned above, recently, Kubo and Nozoye proposed that the topmost atomic surface structure consists of ordered Sr adatoms at the oxygen fourfold site of a TiO 2 -terminated layer by STM and non-contact atomic force microscopy (AFM) [47] . These recent theoretical and experimental works and our photoemission spectra near E F shown here cannot be simply compared because the atomic structure for the fractured surface of lightly electron-doped SrTiO 3 has not been addressed. However, it seems reasonable to suppose that the $1.3-eV-state shown here is caused by electronic states specific of the surface. In order to estimate the influence of surface oxygen vacancies on the photoemission spectra, an up-to-date study of surface atomic and electronic structure by STM/ STS and AFM is desired for the fractured surface of the lightly electron-doped SrTiO 3 .
At present, the problem about the origin of the $1.3-eV-state is still unsolved. To understand the behavior of the doped states on the electronic structure comprehensively will give a key to elucidate the physical properties such as superconductivity which appears to this lightly electron-doped SrTiO 3 .
